It is a commonly assumed that narrow lines in absorption or luminescence of quantum well excitons at low temperatures indicates high quality of quantum well interfaces. We show, that at least for narrow quantum wells, this is not always the case. Correlations between morphological fluctuations of two interfaces confining a quantum well, which were neglected in previous studies of exciton line shape, strongly suppress an inhomogeneous broadening due to interface disorder. Absorption and luminescence exciton spectroscopies are among the most informative tools for studying quantum wells (QW) as well as other semiconductor heterostructures. Therefore, a great deal of effort has been devoted to establishing the connection between spectral line shapes and the microscopic properties of QW structures. In particular, it has been established that low-temperature exciton linewidths in absorption and photoluminescence in QWs is predominantly inhomogeneous.
It is a commonly assumed that narrow lines in absorption or luminescence of quantum well excitons at low temperatures indicates high quality of quantum well interfaces. We show, that at least for narrow quantum wells, this is not always the case. Correlations between morphological fluctuations of two interfaces confining a quantum well, which were neglected in previous studies of exciton line shape, strongly suppress an inhomogeneous broadening due to interface disorder. Absorption and luminescence exciton spectroscopies are among the most informative tools for studying quantum wells (QW) as well as other semiconductor heterostructures. Therefore, a great deal of effort has been devoted to establishing the connection between spectral line shapes and the microscopic properties of QW structures. In particular, it has been established that low-temperature exciton linewidths in absorption and photoluminescence in QWs is predominantly inhomogeneous. 1 The shape of the spectra is determined by various types of disorder, and it is currently generally accepted that the spectral width in QW is directly related to the quality of interfaces, so that the luminescence spectra provide a quick and simple quality assurance tool for QW growth. 2 We show in this letter, however, that interwall correlations could significantly alter the quantitative relation between the exciton line width and quality of the interfaces.
It is usually assumed that fluctuations of QW interfaces are not correlated, so that their contribution to the total exciton line width is additive. At the same time there exist direct and convincing evidences that the morphological inhomogeneities of these interfaces are cross correlated. These correlations were seen by cross-sectional scanning tunneling microscopy, 3 scattering ellipsometry, 4 and x-ray reflection measurements. 5, 6 Theoretically the importance of such correlations for physics of low-dimensional structures was first emphasized in Refs. 7-9, where conductivity of ultrathin metallic films was considered. Surprisingly, all existing theories of the inhomogeneous exciton linewidth unjustifiably neglect these correlations, although, as we show here, they significantly affect inhomogeneous broadening of exciton spectra. One of the important practical conclusions of this work is that, contrary to popular belief, narrow spectral lines do not always imply good quality interfaces but can be the result of a line narrowing effect of the interwall correlations.
QWs are generally heterostructures formed by a binary semiconductor ͑AB͒ and a ternary disordered alloy ͑AB 1−x C x ͒. There are two major disorder mechanisms responsible for the inhomogeneous broadening. One is compositional disorder caused by concentration fluctuations in a ternary component of the QW. 10, 11 The other, which is the main object of our study, is the roughness of the QW walls caused by the formation of monolayer islands at the interfaces. 2, [12] [13] [14] [15] The main goal of this letter is to calculate the r.m.s fluctuation, W, of a random potential acting on QW excitons in the presence of interwall correlation. In order to establish the connection between our results and experimental observations, we will use the results of Refs. 1 and 16, where relations between W and the exciton linewidth, ⌬, were extensively studied.
The r.m.s value of the random potential is defined as
were U ef f is the effective potential acting on the center-of-mass (COM) exciton wave function due to interface disorder. An expression for this potential for a simplified model of a symmetric QW (both conduction and valence bands are nondegenerate and have an isotropic parabolic dispersion characterized by masses m e and m h , respectively) can be presented in the form U ef f ͑R͒ = U e ͑R͒ + U h ͑R͒, where U e,h ͑R͒ is
Here V e,h are the heights of the electron (hole) confining potentials, e,h ͑z͒ are single electron (hole) wave functions, describing the quantized motion in the growth ͑z͒ direction, L is the well thickness, = e − h and R = ͑m e e + m h h ͒ / ͑m e + m h ͒ are the relative and the COM coordinates of an electron-hole pair in the plane of the QW, ͑͒ is a ground-state exciton wave function of in-plane relative motion, and ␤ h,e = m h,e / ͑m e + m h ͒. Zero-mean random functions 1,2 ͑x , y͒ characterize deviations of the ith interface from its average position. The presence of two functions, 1,2 ͑x , y͒, distinguishes Eq. (1) from the corresponding equations of Ref. 12 , where the roughness of a single interface was taken into account. The statistical properties of the interfacial roughness in multilayered systems can be characterized by the height-height correlation functions
where h is the average height of the interface inhomogeneity, and ͗...͘ denotes the ensemble average. We assume that the dependence of both diagonal and nondiagonal correlations on the lateral coordinates is described by the same function ͑͒. For the diagonal elements, f ii ϵ 1, and the respective functions describe lateral correlation properties of a given interface (self-correlation functions). Nondiagonal elements a)
Author to whom correspondence should be addressed; electronic mail: ilya@physics.qc.edu with i j introduce correlation between different interfaces; the respective quantity f 12 ͑L / ͒, which can be called a cross-or vertical-correlation function, is a function of the average width of the well and is characterized by the vertical correlation length . In the limit L / Ӷ 1 it is reasonable to assume that the interwall correlation function f 12 tends to unity, which means that for a very small separation between the interfaces one random surface follows the contour of the other. In the opposite limit, L / ӷ 1, of a large well thicknesses f 12 should vanish. The value of the vertical correlation length depends on the growth process. The r.m.s value of the random potential, W, is a sum of three terms W ϵ T hh +2T eh + T ee , where functions T ␣␤ (indexes ␣ and ␤ take values e or h) can be presented as
determine the dependence of W on the thickness of the QW and are the main object of our attention.
describe the effect of partial averaging of microscopic potentials by the lateral motion of the exciton. For QWs with a heavy hole and a light electron ͑m h ӷ m e ͒, the main contribution to the variance comes from the hole-hole correlator T hh , since a rather massive hole averages only a small volume around the COM of the exciton, whereas a light electron is spread out over a much greater area of the order of the square of Bohr's radius, a B 2 . Let us consider the function F hh in detail. The dependence of F hh on L comes from two factors. The first is the fourth power of the electron QW wave function, h 4 , calculated at the interfaces, z = ±L / 2. This dependence for In 0.12 Ga 0.88 As/ GaAs QW is shown in Fig. 1 Interwall correlation, however, significantly modifies this behavior. First, it introduces a length scale, the vertical correlation length , which is independent of 0h . For lengths smaller than , the interwall correlation function behaves as, 1− f 12 ϳ͑L / ͒ ␥ , where ␥ is determined by the form of f 12 . For example, if f 12 ͑L͒ is a Gaussian or Lorentzian, the parameter ␥ = 2, while for an exponential function f 12 , ␥ =1. For narrow QWs, for which L is smaller than both and 0h , the r.m.s of the random potential W becomes
and is strongly suppressed compared to the case in which vertical correlations are absent. Since 0 and are independent parameters, the transition between the two asymptotic behaviors of and f 12 also occurs independently of one another. Experimental data suggest that there are situations in which ӷ 0 . In this case, interwall correlation affects not only the L → 0 asymptotic of W, but also its behavior for L ӷ 0 . Instead of a 1 / L 3 behavior one would have a much slower decrease of W with L: W ϰ L ␥−3 . This result is obtained under the assumption of positive interwall correlations, f 12 Ͼ 0. Theoretically, a negative sign of f 12 is also possible. 7, 9 In this case, instead of the narrowing of exciton spectra, the intercorrelations would result in extra broadening. It appears, however, on the basis of structural studies, [3] [4] [5] [6] that in known systems the correlations are positive.
The presented analysis demonstrates, that the vertical correlation function f 12 can significantly shift the position of the maximum of W͑L͒ as well as change its height and shape. Experimentally observed dependences W͑L͒ are characterized by a great variety of positions, widths, and heights of the maxima, 17, 18 which cannot be explained by existing theories even when compositional disorder is taken into account. Since the vertical correlation length is strongly dependent on the growth conditions of the QW, interwell correlations can naturally explain the full range of experimental results. The graph of the function F hh with interwall correlations taken into account is shown in Fig. 1 . One can see that these correlations indeed significantly affect the shape of this function. While we only discussed properties of the holehole correlator, it is clear that the behaviors of the electronelectron and hole-electron terms are similar.
In order to compare calculations of W with experimental absorption spectra, the dynamics of excitons in a random potential should be evaluated for various correlation properties. Exciton absorption in the situations under consideration can be reliably described 16 by the semiclassical theory, in which the exciton inhomogeneous line shape is given by a Gaussian with width ⌬ =2 ͱ 2 ln 2͑W comp 2 + W int 2 ͒ 1/2 , where W comp takes into account alloy disorder. Using the results of Refs. 1, 11, 16, and 19 in conjunction with our analysis of W͑L͒, we can find the interface contribution to ⌬. However, in order to fit this function to experimental data we also need to take compositional disorder into consideration. R.m.s of the disorder potential due to compositional disorder was calculated in Ref. 12 , while theories of exciton broadening in this case were given in Refs. 11 and 12. Unfortunately, all existing theories are in a strong quantitative disagreement with experimental results. It is not the goal of this letter to uncover the causes of this discrepancy. However, common wisdom tells us that in the limit of very wide QW only the alloy disorder contribution should survive. The simplest way to adjust the theories is to scale alloy disorder contribution to the linewidth, ⌬ comp , to the value that would coincide with experimental results in the limit of large L. The results of the best fit performed in this way are shown in Fig. 2 . We were able to achieve a similarly good fit to the experimental data obtained for other material systems 17 as well. This fit would not be possible at all without incorporating interwall correlation even if alloy disorder scaling is used as an additional fitting parameter. We conclude, therefore, that interwall cor- Ponomarev, Deych, and Lisyanskyrelation must be taken into account to properly interpret experimental results.
In conclusion, we have shown that the presence of positive interwall correlation strongly suppresses the interface disorder contribution to inhomogeneous broadening. The main consequence of this finding is that narrow exciton lines do not necessarily imply that the grown interfaces are of very good quality. We also found that the differences in interwall correlation lengths can account for the variety of positions, strengths, and sharpness of the full width at half maximum dependence on the well width for experimental data obtained by different research groups.
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